Little is known about the effects of iron enrichment in high-nutrient, low chlorophyll (HNLC) waters on the community composition of heterotrophic bacteria, which are crucial to nutrient recycling and microbial food webs. Using denaturing gradient gel electrophoresis (DGGE) of 16S rDNA fragments, we investigated the heterotrophic 
Introduction
Iron is a key element needed for assimilating inorganic and organic carbons into eukaryotic and prokaryotic cells, including heterotrophic bacteria (eubacteria and archaea), through metabolic processes (Pakulski et al., 1996; Tortell et al., 1996; Church et al., 2000) . Since heterotrophic bacteria contain 1.5-2-fold higher iron:carbon ratios than phytoplankton, they might compete with phytoplankton when iron resources are limited (Maldonado and Price, 1999) . However, unlike eukaryotic phytoplankton, many prokaryotic cells have the advantage of high affinity siderophore-mediated iron uptake systems and can take up iron from siderophores produced by other organisms (Granger and Price, 1999; Hutchins et al., 1999) . From the results of past in situ iron fertilization experiments in high-nitrate, low-chlorophyll (HNLC) waters, ingestion of iron and dissolved organic carbon (DOC) released from phytoplankton are crucial factors influencing proliferation of heterotrophic bacteria (Cochlan, 2001; Hall and Safi, 2001; Oliver et al., 2004; Hale et al., 2006) . Using bottle incubation experiments, Kirchman et al. (2000) found that carbon is the prominent factor influencing bacterial growth in a HNLC region off California, but iron quickly becomes limiting when carbon limitation is alleviated. Therefore, iron and carbon determine bacterial growth in HNLC waters, although water temperature can become a limiting factor in high-latitude HNLC regions (Nagata et al., 2001 ).
However, whether iron can alter the community composition of heterotrophic bacteria directly or indirectly is unclear (i.e., via phytoplankton; Eldridge et al., 2007) , although iron addition generally leads to a floristic shift from mixed populations of autotrophic 4 flagellates and small diatoms to large diatoms in HNLC waters (Tsuda et al. 2003; de Baar et al., 2005; Boyd et al., 2007) . Riemann et al. (2000) and Pinhassi et al. (2004) showed that bacterial community structure also changes dramatically in response to changes in algal community composition. However, Hutchins et al. (2001) observed that iron addition resulted in increases in bacterial abundance and production, but showed only minor changes in bacterial community composition despite dramatic changes in phytoplankton community structure.
In this study, we investigated temporal changes in eubacterial community composition during a second in situ iron-enrichment experiment (SEEDS-II) in the western subarctic Pacific using a 16S ribosomal RNA gene-based fingerprint technique-denaturing gradient gel electrophoresis (DGGE). Because of higher sample throughput, DGGE and other fingerprint techniques are often more powerful than clone libraries for comparing microbial assemblages over time and space (Casamayor et al., 2002) .
However, bacterial community composition in the western subarctic Pacific has rarely been studied (Taniguchi and Hamasaki, 2008) . During SEEDS-II, large diatoms did not bloom and autotrophic nanoflagellates such as cryptophytes and prasinophytes dominated the phytoplankton community in the iron-enriched patch (Suzuki et al., this issue) . Therefore, SEEDS-II provided an excellent opportunity to examine whether bacterial community composition changes during a non-diatom bloom stimulated by iron addition.
Materials and methods
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Study area and sampling
A mesoscale in situ iron enrichment experiment was conducted in the Western Subarctic Gyre (WSG) of the North Pacific (48.5ºN, 165.0ºE) from 13 July to 27 August 2004 onboard the R/V Hakuhou Maru and the R/V Kilo Moana. General descriptions of the experiment are given in Tsuda et al. (2007) and are described here briefly. After an observation on day 0 (D0), dissolved iron (322 kg of iron as FeSO 4 ) and the inert tracer SF 6 were added to the surface mixed layer over an 8 × 8 km area on 20 July 2004. An increase in the concentration of dissolved iron at 5 m depth was observed, from < 0.02 nM before iron addition to about 1.4 nM on day 1 (Nishioka et al., this issue) . Additional iron enrichment was conducted on 26 July 2004 (D6), and it increased the concentration of dissolved iron to 0.7 nM at 5 m (Nishioka et al., this issue) . Water masses inside and outside the iron-enriched patch were defined throughout a horizontal iron patch survey by detecting the inert tracer SF 6 (Tsumune et al., this issue) . During the R/V Hakuho Maru cruise, seawater samples were collected inside the iron-enriched patch on D2, D4, D7, D10, D12, and D25, and outside the iron-enriched patch on D5, D8, D11, D31, and D32.
Seawater samples were collected from 5 m depth with acid-clean Niskin bottles attached to a carousel multi-sampler (CTD-CMS) system.
DNA extraction
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Seawater samples were filtered onto 47 mm Nuclepore polycarbonate filters (0.2 µm pore size) with gentle vacuum pressure (< 150 mmHg) within 60 min of sampling.
Filters were immediately placed in a deep freezer (-80°C) and stored until analysis.
DNA extraction was performed according to Katano et al. (2001) (Muyzer et al., 1993 (Muyzer et al., , 1999 Muyzer et al. (1993) with the exception of initial denaturation at 95°C for 5 min.
PCR amplification was performed with 35 cycles using a thermal cycler (Eppendorf Mastercycler Personal). PCR products (2 µl) were loaded on a 1.5% agarose gel and electrophoresed with a 100 bp DNA ladder (New England Biolabs, Inc.). The agarose gel was stained with ethidium bromide (Et-Br) and photographed. Band density was determined using Gel-pro Analyzer® version 4.5 (MediaCybernetics).
PCR products (ca.75 ng of DNA) were loaded on 16 × 16 cm, 1 mm thick, 6% polyacrylamide (acrylamide:bis = 37.5:1) gel containing a denaturing gradient of 25 to 70% from top to bottom (7 M urea and 40% formamide were considered 100% denaturant). Electrophoresis was performed with a hot bath DGGE unit (Bio-Rad Laboratories) using 1 × TAE running buffer (20 mM Tris, 10 mM acetic acid, 0.5 mM EDTA, pH 8.0) at 60°C for 16 h at 85 V. The gel was stained for 30 min in 1/10,000 SYBR Gold (Molecular Probes, Inc.) and destained for 20 min in distilled water. The DGGE gel was visualized using an Invitrogen Safe Imager and photographed;
high-resolution image was stored.
Analysis of DGGE patterns
8 DGGE images were analyzed with a one-dimensional gel analysis tool in the Gel-pro Analyzer®. To detect DGGE bands, a density profile was obtained for estimating the ratio of each band's intensity to the total. Bands with relative intensity of ≥ 0.4% were considered significant in this study. A binary matrix was constructed, taking into account the presence (1) and absence (0) of bands in each lane (Schäfer and Muyzer, 2001) . The dissimilarity in band-pattern between pairs of samples on the same gel was calculated as a Dice coefficient (S Dice ):
where N AB is the number of bands found in both patterns, and N A and N B represent the total number of bands in samples A and B, respectively. A distance matrix was analyzed with unweighted pairwise grouping with mathematical averages (UPGMA) to cluster samples using a Ward pairwise algorithm. Statistical calculations were performed with R software (version 2.0.1).
Sequencing analysis
To obtain sequence information from DGGE bands, all visualized bands were excised using a clean razor blade. The cut bands were then washed twice using 2 ml of sterilized Milli-Q water and frozen until re-amplification with PCR. About 1 mm 3 of 9 each band was directly re-amplified. PCR conditions followed Muyzer et al. (1993) except initial template denaturing at 95°C for 5 min, followed by 20 cycles of denaturation (1 min at 95°C), annealing [1 min at 65-55°C (touchdown -1°C cycle -1 )], and extension (3 min at 72°C), followed by 7 cycles of denaturing (1 min at 94°C), annealing
(1 min at 55°C), and extension (3 min 72°C), with a final extension (7 min at 72°C).
After re-amplified bands were examined with DGGE to confirm their band position and non-contamination, PCR products were purified using the polyethylene glycol ( were analyzed for each sample.
Phylogenetic analysis
Sequences obtained in this study were examined for chimeras, which could be generated artificially by co-amplification of homologous genes during PCR reactions, using the Ribosomal Database Project's CHECK-CHIMERA program (Maidak et al., 1999) . We also checked for chimeras with the basic local alignment search tool BLAST (Altschul et al., 1997 ) for short sequences. Non-chimeric sequences were compared to sequences deposited in the bacterial nucleotide sequence databases (i.e., ddbjbct and ddbjenv) of the DNA Data Bank of Japan (DDBJ). Acquired 16S rRNA gene sequences were assigned to phylogenetic groups based on the most similar sequence found in the DDBJ. Bacterial sequences were aligned using CLUSTAL W, and corrected manually to delete ambiguous and non-informative bases with Mega 3 (Kumar et al., 2004) . A distance tree was constructed using the neighbor-joining (NJ) method based on Jukes and Cantor (1969) distance. Bootstrap resampling was performed 10,000 times. Newly determined sequences were deposited in Genbank (accession numbers AB355748-AB355784).
Bacterial abundance and production
The abundance of heterotrophic bacteria at 5 m was obtained from Kudo et al.
(this issue). Their methodology is briefly described below. Duplicate water samples (2 ml) were fixed with paraformaldehyde (0.2% (w/v) final concentration) and stored in a deep freezer (-85˚C) or liquid nitrogen until analysis. Bacterial cells were stained with a working solution of SYBR Green I (10 -3 of the commercial solution, Molecular Probes).
Samples were mixed with Flow-count fluorospheres (Beckman Coulter) and analyzed with an EPICS flow cytometer (XL ADC system; Beckman Coulter) following Suzuki et al. (2005) . Data were analyzed with EXPO32 (Beckman Coulter).
Bacterial production data were also obtained from Kudo et al. (this issue) .
Bacterial carbon production was estimated by measuring 3 H-leucine uptake to bacterial 11 proteins (Kirchman et al., 1985; Simon and Azam, 1989) . Triplicate water samples were incubated with 3 H-labeled leucine at ambient temperature in the dark for 6h. Uptake was terminated by addition of trichloroacetic acid. Particulate matter was collected on a 0.22 µm membrane filter and the filter was placed into a scintillation cocktail (Ultima Gold AB; PerkinElmer). Radioactivity was measured with a Wallec 1414 liquid scintillation counter, and bacterial production was calculated using 3 H radioactivity and the standard conversion factors of Simon and Azam (1989) .
Results
The abundance of heterotrophic bacteria at 5 m was 2.0 × 10 5 cells ml -1 on D0 before iron enrichment (Fig. 1A) . In the iron-enriched patch, abundance was 0.9 × 10 5 cells ml -1 on D2 and increased to a maximum of 4.1 × 10 5 cells ml -1 on D14
Thereafter cell density decreased to 2.3 × 10 5 cells ml -1 on D25. In contrast, heterotrophic bacterial abundance outside the iron-enriched patch was stable until D18
with the exception of D11 and thereafter declined with time. Bacterial carbon production was 6.3 µg C m -3 d -1 on D0 (Fig. 1B) . Ten to 20 bands were detected in each sample, and unique 46 band positions were determined (Fig. 2) . Based on band composition, the clustering of 12 samples was determined using the Dice dissimilarity coefficient (Fig. 3) . At 85% dissimilarity, the samples were divided into two groups. Five of six samples (i.e., except the D10 sample) were derived from outside the iron-enriched patch. Similarly, five of six samples (i.e., except the D32 outside sample) originated from the iron-enriched patch.
Five samples from the iron-enriched patch were characterized by the presence of bands , q, za, and zb, which rarely occurred outside the patch (Fig. 2) .
We succeeded in DNA-sequencing for 30 of 46 band positions (a-zd in Fig. 2 ).
The band positions of h, k, , o, q, w and y were composed of multiple sequences, and we identified 37 sequences. Of the 37 sequences, 31 were more than 97% homologous with sequences deposited in the DDBJ. Homology levels for the other six sequences (i.e., sequence names CZII_k1, CZII_ 1, CZII_ 2, CZII_m, CZII_v and CZII_w1) were less than 97%. Sequence CZII_v was too short for further phylogenetic analysis.
Overall, the 36 sequences identified in this study were more than 93% homologous with 55 closest relatives (Table 1) . Even in the highly homologous sequences, phylogenetic affiliations of the six phylotypes (CZII_f, CZII_h2, CZII_q3, CZII_r, CZII_s and CZII_t) could not be identified with a BLAST search.
In the NJ tree of α-proteobacteria (Fig.4) in which the Archaea Sulfolobus solfataricus was used as an outgroup, 31 sequences were clustered into four groups:
Roseobacter, Methylobacterium, SAR11 and the other. Sequences CZII_q3 and CZII_r belonged to the Roseobacter group. Similarly, in the NJ tree for the remaining sequences in which S. solfataricus was used as an outgroup (Fig. 5) , 65 sequences were clustered into seven groups that consisted exclusively of the following organisms or organelles: Cytophaga-Flavobacteria-Bacteroides (CFB), γ-proteobacteria, Actinobacteria, Cyanobacteria, plastid of Eukaryota, chloroplast and the other. For new or affiliation-unknown sequences, CZII_s was γ-proteobacteria; CZII_t was Actinobacteria; CZII_ 1 and CZII_ 2 were genus Saprospira; CZII_k1, CZII_m, CZII_f, and CZII_h2 were CFB; and CZII_w1 belonged to the other group.
Overall, phylogenetic analyses showed that the 36 sequences determined in this study consisted of 10 α-proteobacteria (6 Roseobacter, 2 SAR11, 1
Methylobacterium and 1 unknown α-proteobacteria), 10
Cytophaga-Flavobacteria-Bacteroides (CFB) (8 CFB and 2 Saprospira), 3
γ-proteobacteria, 4 Actinobacteria, 3 cyanobacteria, 2 plastids, 3 chloroplasts and 1 unknown organism or organelle. In the band positions of , q, za, and zb, which were characteristic of the iron-enriched patch, q was classified as a Roseobacter, and
CZII_q1 was a member of subgroup NAC11-3 whose cultivation has not yet been archived yet. In this subgroup, the 16S rDNA clones NAC11-3 and Arctic96A-1 are known to occur in DOC-rich waters (González et al., 2000; Bano and Hollibaugh, 2002) , and CZII_q2 and CZII_q3 were close to NAC11-6 (Fig. 4) , which was previously observed during an algal bloom (González et al., 2000) .
Discussion
In SEEDS-II, the abundance and production of heterotrophic bacteria in surface waters inside the iron-enriched patch increased by approximately four-and twofold, respectively, by D14, compared to those on D2 (Fig. 1) , indicating that the heterotrophic 14 bacteria were stimulated after iron enrichment. The iron fertilizations altered the community composition of not only phytoplankton (Suzuki et al., this issue) but also of heterotrophic bacteria. Bacterial community composition generally differed between inside and outside the iron-enriched patch (Fig. 3) , with the exception of one sample collected from inside the iron-enriched patch on D10 (discussed below). The results from the SEEDS-II experiment differed from previous iron enrichment experiments by Hutchins et al. (2001) and Arrieta et al. (2004) . Hutchins et al. (2001) found that the eubacterial community composition in the subarctic Pacific, the Southern Ocean, and the California coastal upwelling region scarcely changed after iron infusions, although eubacterial abundance and production increased. Similarly, Arrieta et al. (2004) also reported that the eubacterial community composition during EisenEx, which was an in situ iron fertilization experiment carried out in the Southern Ocean, was relatively stable inside and outside the iron-enriched patch. However, Eldridge et al. (2007) recently showed that the eubacterial community changed in response to iron availability in the Peruvian upwelling region of the equatorial Pacific Ocean. Our results are similar to those of Eldridge et al. (2007) , but we could not determine whether changes in bacterial community composition were induced by iron directly and/or indirectly (i.e., via phytoplankton) during SEEDS-II.
The responses of heterotrophic bacteria to iron infusion could differ among phylotypes. Eldridge et al. (2007) proposed that groups of bacteria within a microbial community respond differently to alterations in resources. This differential response occurs because changing the dynamics of a single resource will likely affect coexistence patterns, as that resource may be limiting to some species, causing population increases 15 and driving down other resources that may be limiting for other species (Hutchinson, 1961) . During SEEDS-II, the haplotypes CZII_q1 and CZII_q2, corresponding to bands q1 and q2 in Fig. 1 , respectively, among the five phylotypes of heterotrophic bacteria characteristic of the iron-enriched patch, were identified as Roseobacter species (α-proteobacteria). In particular, CZII_q1 was affiliated with the subgroup NAC11-3 of the Roseobacter-clade-affiliated (RCA) cluster, whose habitat is cold or temperate waters, and not tropical and subtropical oceans (Selje et al., 2004) . These α-proteobacteria including Roseobacter were notably detected in the development phase, and that observation is consistent with the appearance of α-proteobacteria during the exponential phase of diatom growth (Grossart et al., 2005) .
Preferential use of phytoplankton products by the Roseobacter group has been reported (e.g., Morán et al., 2002; Grossart et al., 2005; Howard et al., 2006) . Pinhassi et al. (2004) showed that Roseobacter species in the northwest Mediterranean Sea increased in density when the DOC concentration increased with algal blooms.
Roseobacter also degrades demethylsulfoniopropionate (DMSP) to dimethylsulfide (DMS; González et al., 1999; Malmstrom et al., 2004) . The occurrence of
Roseobacter on D2 was concurrent with high DMS yields observed on that day (Lizotte et al., this issue) , suggesting that Roseobacter played a key role in DMS production.
This is in agreement with Zubkov et al. (2002) and Pinhassi et al. (2005) , who reported that the Roseobacter group degraded DMSP to DMS during phytoplankton blooms.
The q1 and q2 bands related to Roseobacter did not appear in the sample collected from the iron-enriched patch on D10 (Fig. 2) when the chlorophyll a level at 5 m was near its peak during SEEDS-II (Tsuda et al., 2007) . The reason for this is unknown, but Kudo et al. (this issue) found a decrease in bacterial production on D10 during SEEDS-II.
We speculate that the disappearance of these Roseobacter phylotypes might have contributed to the decline in bacterial production.
CZII_ 1, za, and zb were also typical in the iron-enriched patch during SEEDS-II, and these were classified as CFB, γ-proteobacteria, and Actinobacteria, respectively.
According to DeLong et al. (1993) , Pinhassi et al. (2004), and Grossart et al. (2005) , CFB appear in the development or declining phases of phytoplankton blooms.
Sequence CZII_ 1 clustered with genus Saprospira, belonging to CFB. Saprospira are known to possess algicidal activity; they can kill eukaryotic phytoplankton such as Chlorophyceae, Rhodophyceae, Bacillariophyceae, Dinophyceae, Haptophyceae and Raphidophyceae (Furusawa et al., 2003; Mayali and Azam, 2004) . As these phytoplankton groups (except Rhodophyceae and Raphidophycae) existed in surface waters during SEEDS-II (Suzuki et al., this issue) , CZII_ could have attacked the phytoplankton and increased their own density by consuming DOC from dead algal cells.
The quantity and/or quality of DOC from phytoplankton can affect bacterial community composition (Pinhassi et al., 2004) . During SEEDS-II, the phytoplankton biomass at 5 m depth increased after the iron additions and reached a maximum of about 3 µg l -1 in terms of chlorophyll a concentration on D12 (Tsuda et al., 2007) . At that time, the phytoplankton assemblage was dominated by autotrophic nanoflagellates (Suzuki et al., this issue) . Nearly concomitant increases in abundance and composition of phytoplankton and heterotrophic bacteria during SEEDS-II indicate that bacterial growth in the iron-enriched patch was mainly dependent on the release of DOC from the phytoplankton assemblage. However, ambient DOC levels in the iron-enriched patch during SEEDS-II were not statistically different from those outside the patch (Yoshimura et al., this issue) , suggesting that high turnover rates of bioavailable DOC might conceal DOC accumulation in surface waters (Norrman et al., 1995) . This speculation is supported by high turnover rates of DOC observed during a phytoplankton bloom in a mesocosm experiment (Smith et al., 1995) and in natural environments (North Atlantic Ocean, Kirchman et al., 1991; eastern North Pacific, Cherrier et al., 1996) .
In addition to resources such as iron and DOC, heterotrophic nanoflagellates (HNFs) and temperature can affect the abundance and composition of heterotrophic bacteria.
During an iron fertilization experiment (SOIREE) in the Southern Ocean, relatively high feeding rates of HNFs kept the cell density of heterotrophic bacteria relatively constant, although bacterial production increased (Hall and Safi, 2001) . Unfortunately, the effects of HNFs feeding on the abundance and composition of heterotrophic bacteria were not examined in the WSG in the past or during SEEDS-II. More detailed studies should investigate the top-down control of HNF on heterotrophic bacteria in the study area. As for a temperature effect, Nagata et al. (2001) noted that water temperature could become a limiting factor for bacterial growth in the western subarctic Pacific.
During SEEDS-II, water temperature at 5 m depth gradually increased with time, from 8.3°C on D1 to 11.7°C on D32. However, the water temperature was almost the same inside and outside the iron-enriched patch, indicating that water temperature was not related to the difference in bacterial composition inside and outside the iron patch.
Conclusions
Here we investigated the effect of iron fertilization on the composition of heterotrophic bacteria. We found that iron additions altered the community composition of bacteria in surface waters, where phytoflagellates such as cryptophytes and prasinophytes bloomed. The 32 phylotypes identified in the eubacterial community in the WSG were dominated by 10 phylotypes of α-proteobacteria and 10
Cytophaga-Flavobacteria-Bacteroides (CFB). Our results are consistent with the typical community composition of heterotrophic bacteria in pelagic oceans as determined with 16S rDNA libraries (Bano and Hollibaugh, 2002; Malmstrom et al., 2007; Taniguchi and Hamasaki, 2008) . Furthermore, the occurrence of CFB and
Roseobacter during the non-diatom bloom of SEEDS-II was similar to results obtained in previous diatom blooms (DeLong et al., 1993; Pinhassi et al., 2004; Grossart et al., 2005) . Some specific phylotypes, such as CZII_q1 included in the RCA cluster of
Roseobacter and CZII_l1 Saprospira-related phylotypes in the CFB, responded quickly to iron enrichment, suggesting that responses of eubacteria to iron infusion differ among phylotypes. The Roseobacter identified in this study is able to adapt to both low temperatures (Selje et al., 2004) and low DOC concentration (Alonso and Pernthaler, 2006) , indicating that this phylotype could adapt to the WSG condition from winter to early spring. According to Kawakami and Honda (2007) , annual particulate organic carbon flux and the export ratio (e-ratio) in the WSG are much higher than those in other oceans due to the higher production and transport of carbon by diatoms that 19 proliferate every spring (Imai et al., 2002) . Since heterotrophic bacteria play a critical part of the biological carbon pump as carbon consumers, further studies of heterotrophic bacteria in the WSG should be conducted to better understand their ecology and relevance to biogeochemical cycles. 
